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Ionic conductionIn 1937, W. Jost speculated about the possible positions and dynamics of the silver ions in the high-temperature
phase of silver iodide, α-AgI, that one would encounter, if it could be cooled far below its regular 147 °C α–β
phase transition. Would a (continuous) ‘liquid–solid transition’ occur in the silver sublattice and would the
‘liquid-like’ dynamics of the mobile silver ions change into a ‘solid-like’ hopping motion? We are now, for the
ﬁrst time, able to answer Jost's questions, both of them in the afﬁrmative. In our samples, globules of crystalline
α-AgI were contained in a powdered glass of composition 0.78 AgI · 0.165 Ag2O · 0.055 B2O3, prepared from the
melt by roller quenching and subsequent grinding in liquid nitrogen. In a Rietveld reﬁnement of X-ray diffraction
data, taken at 100 K, the silver ionswere found to be localizedwithin the tetrahedral voids provided by theα-AgI
anion structure. The change from the high-temperature ‘liquid-like’ dynamics of the silver ions into a ‘solid-like’
hopping motion could be veriﬁed by considering spectra of the ionic conductivity.With decreasing temperature,
the spectra do, indeed, develop the characteristic frequency dependence which is a hallmark of ionic hopping.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The high-temperature phase of silver iodide, α-AgI, discovered by
Tubandt and Lorenz in 1914 [1], is often considered the archetypal
solid electrolyte. At ambient pressure, this phase is stable from 147 °C
to 555 °C. The extraordinarily high value of the ionic conductivity of
α-AgI and its relatively weak temperature dependence are comparable
with those of the best conducting liquid electrolytes. Since Tubandt's
times, the silver ions inα-AgI have, therefore, been regarded asmoving
in a ‘liquid-like’ fashionwithin the crystallographic frameworkprovided
by the anions [2].
In a ﬁrst structural analysis, Strock encountered problems localizing
the silver ionswithin the body-centered cubic (bcc) iodide sublattice [3].
He suggested three different kinds of partially occupied sites, totaling
6 + 12 + 24 positions for the two silver ions in the bcc unit cell. Of
course, this concept could not grasp the liquid-like character of their
arrangement and motion.
A remarkable idea was put forward by Wilhelm Jost in 1937, in his
famous book Diffusion und chemische Reaktion in festen Stoffen [4]. Jost
speculated about the possible positions and dynamics of the silver ions
that one would encounter, if α-AgI could be cooled far below its regular
147 °C α–β phase transition. He was raising the following questions.
(i) Would a (continuous) ‘liquid–solid transition’ occur in the silver
sublattice?. This is an open access article under(ii) Would the ‘liquid-like’ dynamics of the silver ions gradually
change into a ‘solid-like’ hopping motion?
Even thirty years later, when Jost was the director of the Institute of
Physical Chemistry at Göttingen, he used to ask each of his doctoral stu-
dents, including one of the present authors (K.F.), to try to ﬁnd ways of
quenching α-AgI down to room temperature, but no one succeeded.
Those who ﬁnally did succeed were Tatsumisago, Shinkuma and
Minami in Japan, who in 1991 reported on the formation of globular
nano-sized particles of crystalline α-AgI in AgI–Ag2O–B2O3 glasses at
room temperature [5], see also Refs. [6,7]. Utilizing the twin-roller tech-
nique, these authors quenched glasses with high AgI contents down to
room temperature. In the process, the α-AgI particles, which had been
present above 147 °C already, did not transform into the β-phase. This
was due to the fact that silver iodide expands at its α to β phase transi-
tion. As the surrounding glass did not provide the extra space required
for the transition, it simply did not occur.
Using crystalline α-AgI conﬁned in rapidly cooled glasses, we have
now performed experiments to analyze the positions and dynamics of
themobile silver ions at low temperatures. As a result,we are eventually
able to answer the questions asked by Jostmore than 75 years ago, both
of them in the afﬁrmative.
2. Our approach
We start this study in Section 3 by mentioning in brief the sample
preparation technique as well as the characterization of these samplesthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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and by high-resolution X-ray powder diffractometry (at 100 K).
Having established that the glass matrix does indeed contain the
desired α-AgI globules, with an average diameter of about 80 nm, we
move on in Section 4 to describe the main structural and dynamic
features of α-AgI above 147 °C as known from the literature. This
helps us identify two features that are relevant for our current study:
(i) In the high-temperature phase, all silver ions are mobile and
behave in a liquid-like fashion.
(ii) The potential landscape provided for them by the anions has
minima at the tetrahedral voids of the iodide lattice.
This latter aspect helps us discuss in Section 5 the nature of the local-
ization of the silver ions within the α-AgI globules below 147 °C.
Resulting from this discussion, a novel view is presented, which is
well in line not only with the X-ray diffraction data of Section 3, but
also with our more general notion of localized low-temperature ionic
movements in disordered materials.
Section 6 is the core of this study, where the dynamics of themobile
silver ions are uncovered by analyzing the frequency-dependent con-
ductivity in the impedance regime, at temperatures from−155 °C to
+20 °C. At the outset, it is clariﬁed that the measured conductivity
can only be caused by the silver ions in the α-AgI globules, whose
volume fraction is deduced from our data to be about 3%. Notably, a
characteristic frequency dependence (dispersion) of the conductivity,
detected at low temperatures, is identiﬁed as the distinguishing mark
of a solid-type hopping motion.
To understand themain features of this hoppingmotion, we consid-
er and discuss the width of the ‘DC’ conductivity plateaux (between
polarization and dispersion), their temperature dependence, and the
shape of the conductivity isotherms. The pieces of information thus ob-
tained include the temperature-dependent rates of both elementary
and random hops as well as the elementary hopping length, suggesting
that the silver-ion hopping paths are via the tetrahedral voids. The
model used for deducing these features is the MIGRATION concept, cf.
Section 6. The major conclusions of our study are presented in Section 7.
3. Sample preparation and characterization
For the preparation of glassy 0.78 AgI · 0.165 Ag2O · 0.055 B2O3,
aliquot amounts of reagent grade AgI, AgNO3 and H3BO3 were mixed
and ground. Decomposition of AgNO3 and H3BO3 was achieved by
successive annealing at about 220 °C and 420 °C, respectively. The
melt was then kept at 600 °C for 1 h and at 420 °C for 20min. Thereafter
it was rapidly quenched between twin-rollers that rotated with a speed
of 1000 rpmwhile being cooledwith liquid nitrogen [8]. The thin brittle
ﬂakes thus obtained were orange and transparent. Samples of pow-
dered glass were then produced by careful grinding in liquid nitrogen,100 nm
Fig. 1. FE-SEM (ﬁeld emission scanning electron microscope) image of a sample of pow-
dered glass with an overall composition of 0.78 AgI · 0.165 Ag2O · 0.055 B2O3, containing
nearly spherical globules of crystalline α-AgI.and the presence of crystalline α-AgI was immediately checked by
X-ray diffraction.
The α-AgI globules were clearly visible in FE-SEM (ﬁeld emission
scanning electron microscope) images of the samples, such as the one
reproduced in Fig. 1. Here, a Schottky emitter served as electron source,
the acceleration voltage was 3 kV, and a so-called in-lens detector was
used to detect the secondary electrons. The ﬁgure shows that the size
distribution of the globules was rather narrow, with diameters ranging
typically from 70 nm to 90 nm. From the FE-SEM images, the overall
α-AgI volume fraction could be estimated to be around 3%. This value
was corroborated later, on the basis of an argument provided by the
silver-ion dynamics, see Subsection 6.1.
High resolution X-ray powder diffraction data were collected at
100 K, on a powder diffractometer D8-Advance (Cu-Kα1 radiation; pri-
mary Ge (111) position-sensitive detector) in Bragg–Brentano geome-
try, using a TC-WIDE RANGE chamber (MRI GmbH, Karlsruhe). Data
were taken in steps of 0.016° in 2θ, from 2θ= 15.0° to 2θ= 155°. As
sample holder, a specially designed silicon (911)waferwith a rectangular
cavitywas used tominimize contributions from the sample environment.
Fig. 2 shows the scattered X-ray intensity measured as a function of
diffraction angle. The program TOPAS 4.1 [9] was used for the Rietveld
reﬁnement [10]. The peak proﬁle and precise lattice parameters were
determined by Le Bail ﬁts [11] using the fundamental parameter (FP)
approach of TOPAS [12]. Chebyshev polynomials were employed for
the modeling of the background, while starting values for the crystal
structures of the three polymorphs of AgI were taken from the ICSD
database [13–15]. The reﬁnement, see Fig. 2, converged quickly. As
expected, α-AgI was identiﬁed as the main crystalline phase, with
about 91 wt.%, while β-AgI and γ-AgI were present with about 3%
and 6%, respectively. The lattice parameter of α-AgI was found to be
(5.0203 ± 0.0008) Å at 100 K. The most interesting structural aspect of
α-AgI at 100 K is, of course, the localization of the silver ions, to be
discussed in a further section.
4. α-AgI above 147 °C: structure and silver-ion dynamics
In 1977, Cava, Reidinger and Wuensch used their single-crystal
neutron diffraction data to construct a contour map of the probability
density of the silver ions inα-AgI,ρ rð Þ [13]. Themap shows ﬂatmaxima
of ρ rð Þ at the tetrahedral voids of the bcc anion structure and local
minima at the octahedral positions. Saddle points occur betweenFig. 2. Scattered X-ray intensity as a function of diffraction angle 2θ, at 100 Κ, for glassy
0.78 AgI · 0.165 Ag2O · 0.055 B2O3 containing globules of crystalline α-AgI. The ﬁgure
shows the observed pattern (diamonds), the best Rietveld-ﬁt proﬁle (line a), the differ-
ence curve between observed and calculated proﬁles (line b), and the reﬂection markers
(vertical bars). The wavelength was λ= 1.54059 Å. Quantitative Rietveld analysis of the
crystalline part of the sample gave (90.9 ± 0.8) weight percent for α-AgI (top reﬂection
markers), (2.7 ± 0.3) weight percent for β-AgI (middle reﬂection markers) and (6.4 ±
0.6) weight percent for γ-AgI (bottom reﬂection markers). Agreement factors as deﬁned
by TOPAS [12] are: R-exp: 3.4%, R-p: 3.3%, R-wp: 4.3%, and GoF: 1.3.
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cept for the regions occupied by the iodide ions, the variation of the
probability density is relatively weak and smooth. At 250 °C, for exam-
ple, the ratios ρ (tetrahedral site)/ρ (saddle point) and ρ (tetrahedral
site)/ρ (octahedral site) are only two and three, respectively [13].
Hence, one can conclude that the periodic potential barriers provided
by the anions are only of the order of the thermal energy.
The spatial variation of ρ rð Þ as derived by Cava et al. is well in line
with results obtained two decades later by Adams and Maier, on the
basis of their bond valence sum model [16], see Fig. 3. The ﬁgure high-
lights those regimes inwhich the local potential is lowest and, therefore,
ρ rð Þ is highest. These are distorted tetrahedra, centered at the
tetrahedral sites and mutually connected by passage-ways along the
saddle-point positions.
Inherently, the construction of Fig. 3 is valid at any temperature, as
temperature is not a parameter of the valence-sum model. Therefore,
the ﬁgure will serve as a viable guideline for ‘localizing’ the silver ions
at 100 K, on the basis of the diffraction pattern of Fig. 2.
In 1980, a quasielastic neutron scattering experiment on an α-AgI
single crystalwas performed by Funke, Höch and Lechner in order to ex-
tract information on the local dynamics of the mobile silver ions [17].
The measured spectra were well ﬁt by a model that approximated the
actual silver-ion motion by a spatial convolution of two processes [17].
One of them was a fast diffusive motion within a local cage of about
1 Å radius, while the other was a random hopping via tetrahedral posi-
tions. The former reproduced the almost isotropic broad quasielastic
component, while the latter was in agreement with the shape and an-
isotropy of the narrower quasielastic line which was superimposed.
The agreement obtained between model and experiment suggested
that the preferred ionic passagewayswere, in fact, those from one tetra-
hedral regime to a neighboring one, in accordance with the structural
information outlined above.
In 1972, ionic Hall-effect data had been taken onα-AgI [18]. Not un-
expectedly, they could be perfectly explained by identifying mobility
and Hall mobility of the silver ions and by assuming that, indeed, all of
them were mobile in the alpha phase.
In marked contrast to ‘conventional’ solid electrolytes, the ionic
conductivity of α-AgI displays no frequency dependence up to at leastFig. 3. Network of Ag+ conduction pathways in α-AgI as computed from valence-sum
pseudo-potentials. Equipotential contours are drawn only for the front half of the unit
cell to reduce overlap [16]. Note that positions located halfway between tetrahedral and
octahedral sites, some of them marked here for later reference, are still contained within
the tetrahedral regimes.40 GHz [19]. This implies that the mobile silver ions move so fast that
any memory of individual movements is erased after a time which is
the inverse of 2π × 40 GHz, i.e. after 4 ps. The close analogy between
the ion dynamics in α-AgI and in a highly conducting liquid electrolyte
is thus once again corroborated.
5. Structure of α-AgI below 147 °C
At temperatures well below 147 °C, for instance at 100 K, the spatial
distribution of the silver ions in α-AgI is expected to differ largely from
that at 250 °C, not because of changes in the potential landscape they
experience, cf. Fig. 3, but because of their considerably reduced thermal
energy, which must result in a pronounced localization. One is thus led
to suppose that, at 100 K, the silver ions will essentially stay near the
positions with the lowest potential, i.e. in the tetrahedral voids, with a
fractional occupancy of 1/6. One might further assume that their
thermal vibrations are approximately isotropic.
However, the optimum ﬁt to the experimental diffraction pattern of
Fig. 2was not obtained by the Rietveld reﬁnement based on the premise
that the silver ions are located at the tetrahedral sites, with isotropic
atomic displacement parameters. Better ﬁts have been possible by mak-
ing either one of the following two assumptions. Either the (average)
electron density of an individual silver ion is isotropic, but in this case cen-
tered not at a tetrahedral site but roughly halfway between a tetrahedral
and an octahedral one, see Fig. 3, or it is indeed centered at a tetrahedral
site, but then strongly anisotropic, being considerably extended toward
each of the two neighboring octahedral sites.
While puzzling atﬁrst sight, this result can be interpreted as aﬁnger-
print of a particular kind of localized motion performed by the silver
ions. In fact, a reasonable explanation can be given in terms of an effect
which is now known to be ubiquitous in structurally disordered ionic
materials [20]. At sufﬁciently low temperatures, typically below 150 K,
this so-called Nearly Constant Loss (NCL) effect has been seen not
only in glassy and polymeric electrolytes, but also in the famous AgI-
type ion conductor RbAg4I5 [21]. Discovered by A.S. Nowick et al. in
1991 [22], it owes its name to its distinguishing feature, i.e., a dielectric
loss function that is independent (or nearly independent) of both
frequency and temperature.
The NCL effect, also known as ‘new universality’ or ‘second universal-
ity’, has been shown to result from non-activated (or nearly non-
activated) collective movements of a large number of structurally disor-
dered locally mobile ions, caused by a characteristic time dependence of
their local single-particle potentials, which is in turn due to their long-
range many-particle Coulomb interactions [23].
The NCL localized movement of an individual ion differs from vibra-
tions since it is non-periodic, and it differs also from caged diffusion
since the time dependence of its mean square displacement is not linear,
but logarithmic [24,25]. Performing this particular kind of motion, the ion
is able to explore the local volume that is accessible for it. In the case of
α-AgI at 100 K, this local volume may be (very roughly) given by one
of the (distorted tetrahedral) regimes shown in Fig. 3. Note that the
‘midway’ sites marked in the ﬁgure are still contained in them.
We thus endupwith the statement that the silver ions are indeed lo-
calizedwithin the tetrahedral voids provided by the bcc anion structure,
the fractional occupancy being 1/6. As there are plenty of energetically
equivalent possibilities to arrange N silver ions in 6 N voids, the conﬁg-
urational entropy ofα-AgI will not tend to zero at low temperatures. Of
course, the third law is not violated, since α-AgI is not the equilibrium
phase in this temperature regime.
6. Dynamics of silver ions below 147 °C
The change from the high-temperature ‘liquid-like’ dynamics of the
silver ions into a ‘solid-like’ hopping motion has been veriﬁed by
considering spectra of the ionic conductivity, measured at different
temperatures.
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conductivity of α-AgI above 147 °C (at least up to 40 GHz), see
Section 4, the conductivities of our present samples are found to
display the characteristic dispersion that is caused by a ‘solid-like’
hopping of the mobile ions, see below [20,24]. In Fig. 4 we present
a set of such experimental spectra, taken at temperatures between
−155 °C and 20 °C and frequencies between 0.01 Hz and 1 MHz
with an automated Novocontrol system, which included an α-S
Novocontrol dielectric analyzer as well as an automated cryostat,
also from Novocontrol Technologies.
A host of information is contained in the spectra of Fig. 4. In the ﬁrst
place, it is obvious from the absolute values of themeasured conductiv-
ities that they must be attributed to the ionic motion in alpha-silver
iodide and not in the glassy matrix, the latter being negligible. In partic-
ular, the plateaux extending over circa ﬁve decades on the frequency
scale have to be interpreted as the bulk values of the direct current
(DC) conductivity in α-AgI, multiplied with the volume fraction of
α-AgI in the sample.
Polarization is observed on the low-frequency side of each plateau,
with the conductivity rapidly decreasing because of the conﬁnement
of the mobile Ag+ ions to the globules. On the high-frequency side,
however, the conductivity is found to increase, displaying a frequency
dependence that is typical of hopping motion and will have to be
discussed in more detail later.
At this point, it may sufﬁce to note that the onset angular fre-
quency of the dispersion, ωO = 2πνO, to be deﬁned more explicitly
in our later discussion, is the inverse of the time at which short-
time correlations end and random hopping sets in. Hence ωO may
be regarded as the rate of random hops [20]. Denoting the elementa-
ry hopping length by ‘ and the coefﬁcient of self-diffusion by D, we
thus have
‘
2 ¼ 6D=ωO∝σDC AgIð Þ  T=ωO∝σ glass;plateauxð Þ  T=ωO: ð1Þ
FromEq. (1) it is obvious that the temperature-dependent quantities
ωO and σ(glass, plateaux) ⋅ T, in the following often denoted by σDCT,
are proportional to each other, being thermally activated in the same
fashion. Consequently, the straight line connecting the onset points ofFig. 4. Log–log plot of ionic conductivity times temperature versus frequency,measured at
different temperatures on a sample of powdered 0.78 AgI · 0.165 Ag2O · 0.055 B2O3 glass.
The observed conductivity is (virtually completely) due to the mobile silver ions in the
globules of crystalline α-AgI, with the horizontal sections reﬂecting the bulk
direct-current (DC) conductivity in the globules, times their volume fraction. Note that po-
larization is observed at low frequencies, because of the conﬁnement of themobile ions to
the globules. Note also that the onset points of the dispersion are connected by a straight
line with a slope of one.the dispersion in Fig. 4 must have a slope of one, which is in agreement
with our experimental data.
In the following, wewill focus attention on three features that can be
read from the conductivity isotherms of Fig. 4:
(i) the widths of the ‘DC’ plateaux
(ii) the temperature dependence of σDCT in the plateaux
(iii) the shapes of the isotherms.
Valuable information on the dynamics of the mobile silver ions is,
indeed, contained in each of these features.
6.1. Information from the widths of the ‘DC’ plateaux
Let us ﬁrst consider the typical width of the ‘DC’ plateaux, which
is about ﬁve decades. Also, let us consider the root mean square dis-
placement that a silver ion covers before hitting the surface of its
globule, L = b r2 N 1/2. From Eq. (1) and the corresponding relation
for L2 we ﬁnd that L2 should be larger than ‘2 by about ﬁve decades.
Suppose a globule is spherical and of radius R. Then a few lines of
algebra yieldL ¼ ﬃﬃﬃﬃﬃﬃﬃﬃ8=5p  R. Inserting R≈ 40 nmwemay thus estimate
the value of L to be about 50 nm. Finally, dividing 50 nm by the
square root of 105, we obtain ‘≈ 0.16 nm, which is perfectly compat-
ible with the mutual distance of neighboring tetrahedral positions
in α-AgI, 0.1775 nm. The data of Fig. 4 are thus consistent with the
view that the silver ions perform a hopping motion via the tetrahe-
dral voids.
Using ‘ and ωO at a given temperature, say −130 °C, we may
now form the coefﬁcient of self-diffusion at this temperature,
D= ‘2ωO/6, which leads us to the corresponding bulk DC conductivity,
σDC(AgI), via the Nernst–Einstein relation. Interpreting the ratio,
σ(glass, plateaux)/σDC(AgI), cf. Eq. (1), as the volume fraction of
α-AgI globules in the glassy sample, we arrive at a value for this volume
fraction. The result is between 3% and 4%, thus corroborating our earlier
estimate.
6.2. Information from the temperature dependence of σDCT in the plateaux
Fig. 5 is an Arrhenius plot of the temperature-dependent ‘DC’ con-
ductivity as read from the plateaux of Fig. 4, along with the DC conduc-
tivity of bulk α-AgI above 147 °C, times a volume fraction of 3%. The
ﬁgure also includes a linear extrapolation of the latter data to lower
temperatures.2 3 4 5 6 7 8
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Fig. 5. Arrhenius plot of the ‘DC’ conductivities as read from the plateaux of Fig. 4 (red
squares) and as obtained from the DC conductivities of pure α-AgI [26] when multiplied
with a volume fraction of 3% (black squares). The red line is a linear extrapolation of the
high-temperature data, while the blue line is a ﬁt according to Eq. (2).
single-particle route
many-particle route
Fig. 6. Schematic representation of the leitmotif of theMIGRATION concept. The backward
hop of an ion signiﬁes the possible relaxation along the single-particle route, while the
shift of the caged potential indicates the possible relaxation along the many-particle
route. The effective potential experienced by the ion is sketched by the red solid line.
Fig. 7. A model conductivity spectrum derived from the MIGRATION concept. Note that
ln(Γ0/ωO) and ln(σHF/σDC) = ln(σ(∞)/σ(0)) are identical, here abbreviated by B. The
shape of the spectrum is deﬁned by the values of the parameters B and K which have, in
this case, been chosen to be 8.0 and 2.0, respectively.
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• volume fraction of globules times the DC conductivity of bulk α-AgI
above 147 °C, as well as linear extrapolation to lower temperatures,
see Fig. 5: σ * (T)
• the ‘DC’ conductivity of the glassy sample, see Fig. 5: σG(T)
• normalized dimensionless inverse temperature: x= 1000 K/T
• normalized dimensionless activation energy: eE ¼ E= kB  1000 Kð Þ.
Obviously, σ * is Arrhenius activated, withσ T ∝ exp −eEx  andeE≈1:17 [26]. In the limit of large x, σG appears to be Arrhenius activated
as well, witheEG ¼ eE þ eER, where the index R signiﬁes ‘rearrangement’ or
‘relaxation’, see below. With decreasing x, however, σG(x) appears to ap-
proach σ * (x) asymptotically. For convenience, the value of x at which σG
(x) becomes equal to σ * (x)/2 is denoted by x = x0. A straightforward
guess for σG(x) is then
σG xð Þ ¼
σ  xð Þ
1þ exp eER  x−x0ð Þ  : ð2Þ
In Fig. 5, the ‘DC’ conductivities of our glassy sample are, indeed,
well-approximated by a solid line obtained by ﬁtting Eq. (2) to the ex-
perimental data, with x0 ≈ 3.58 and eER≈1:92. Most notably, σG is
found to merge into σ * at or very close to the regular α–β transition
temperature.
At temperatures well below 147 °C, where the conductivity has
been found to be frequency-dependent, the onset angular frequency
of the dispersion, ωO, marks the rate of successful hops of a mobile
ion, called random hops previously, while the rate of ‘elementary’
hops, Γ0, may be considerably larger. At temperatures above 147 °C,
however, the absence of any dispersion signiﬁes that every elementary
hop must be considered successful, implying that ωO and Γ0 have to co-
incide, ωO = Γ0. In view of the proportionality, σDCT ∝ ωO, see Eq. (1),
the temperature dependence displayed in Fig. 5 may now be
reinterpreted in terms of hopping rates, with ωO merging into Γ0 with
increasing temperature, when the dispersive regime is left near 147 °C.
On the basis of Fig. 5, one is led to assume that the entire straight line
for σ * T might correspond to the elementary hopping rate, Γ0, even
below 147 °C, just as σGT corresponds to ωO. This would imply that σ *
represents the conductivity of the glassy sample in the limit of short
times or high frequencies, in the following to be denoted by σHF. If so,
we have σDC = σG b σHF = σ * below 147 °C, where σ(ω) increases
from σDC to σHF, while above 147 °C the absence of any dispersion is
expressed by the identities σDC = σHF and ωO = Γ0. In the following,
we will show that this view is, indeed, strongly corroborated once the
frequency dependence of the conductivity is considered as a whole.
6.3. Information from the shapes of the isotherms
At this point, having to deal with the shapes of the conductivity iso-
therms, we require a suitable model treatment, such as theMIGRATION
concept [27].
The MIGRATION concept is the most recent version of a series of
models which describe the dynamics of jump relaxation in disordered
ionic systems in terms of coupled rate equations [20,24,27]. The acro-
nym ‘MIGRATION’, for MIsmatch Generated Relaxation for the Accom-
modation and Transport of IONs, is meant to express the essence of
the model treatment, while the leitmotif of Fig. 6 is meant to serve for
an easy visualization of the time-dependent processes involved [24].
As suggested by the acronym, each elementary hop of an ion is sup-
posed to create mismatch with respect to the momentary arrangement
of its mobile neighbors. As a consequence, the system will search for
ways to reduce this mismatch, which is possible on two competing
routes. These are (1) the single-particle route, with the ion hopping
backwards, and (2) the many-particle route, with the surrounding
ions rearranging. Relaxation on the many-particle route causesaccommodation of the ion at its new site, thus successfully completing
an individual step of ionic transport, which contributes to the DC
conductivity. On the other hand, relaxation on the single-particle
route results in the observed (angular) frequency dependence of the
conductivity, σ(ω).
A typical model spectrum is shown in Fig. 7. Note that the high-
frequency limiting value of σ(ω), σHF, is usually much larger than σDC,
which indicates that correlated forward-backward hopping sequences
are a typical characteristic of the ion dynamics.
In the model, the time dependence of the competing processes
(1) and (2) is described by three coupled equationswhich can be solved
for the time-dependent correlation factor,W(t). This function is deﬁned
as the time derivative of the mean square displacement due to hops,
normalized by W(0) = 1. The time derivative of W(t) is then propor-
tional to the velocity autocorrelation function, bυ 0ð Þ  υ tð ÞN , while
σ(ω) is in a good approximation proportional to the Fourier transform
of bυ 0ð Þ  υ tð ÞN [20,24]. This procedure, which is based on linear
response theory, thus takes us from W(t) to σ(ω). A brief outline of
the essential steps involved is given in Appendix A.
The temperature dependence of σ(ω, T) is obtained on the basis of
the temperature dependences of Γ0 and ωO, for instance if both are
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ized activation energies are denoted by eE and eE þ eER , the index R
signifying the ‘rearrangement’ or ‘relaxation’ of the mobile neighbors
on the many-particle route.
As has been documented for many disordered solid electrolytes [20,
24,28], experimental data of ionic conductivities due to hopping pro-
cesses, including their dependence on both frequency and temperature,
are generally well-reproduced by the MIGRATION concept.
Four parameter values are required for constructing a model spec-
trum such as the one of Fig. 7. These may be taken to be σDC, σHF, Γ0
plus a shape parameter denoted by K, to be discussed in more detail
below. In terms of σDC, σHF and Γ0, ωO is now deﬁned as Γ0 ⋅ σDC/σHF.
The expression ln(σHF/σDC) = ln(σ(∞)/σ(0))=ln(Γ0/ωO) is abbreviated
as B, and the angular frequency marking the end of the dispersion
(which is not an independent parameter) is called ωE.
In Fig. 7,ωE is related to the other parameters byωE= Γ0 ⋅ BK. Indeed,
ωE may be deﬁned by this relation as long as B is sufﬁciently large, i.e.
larger than about 5, see e.g. Ref. [29]. The spectrum of Fig. 7 may serve
as an example. Others will be given in Fig. 8, where B is larger than
5 in the model spectra for −130 °C and−155 °C. However, a caveat
needs to be mentioned here, since the relation fails in providing a
suitable deﬁnition of ωE for smaller B, where the resulting values of ωE
are systematically lower than those read directly from the shapes of
the spectra.
Threemodel spectra, ranging fromω bωO up toω NωE, are presented
in Fig. 8, alongwith the experimental conductivity data, which are nicely
reproduced. For eachmodel spectrum, the choice of the parameters, σDC,
σHF, Γ0 and K, was optimized in the following fashion.
• The values of the DC conductivity, σDC, were taken from the ‘DC’
plateaux of Fig. 4.
• The HF conductivities, σHF, were taken from Fig. 5, assuming that σ *
and σHF are identical.
• The proper values ofωO and hence of Γ0 were found bymaking exper-
imental data and model spectra coincide on the angular frequency
scale.
• To obtain the propermatch of the frequency-dependent conductivities,
the shape parameter K had to be optimized.Fig. 8. Log–log plot of three representative conductivity isotherms of powdered 0.78
AgI · 0.165 Ag2O · 0.055 B2O3 glass, taken at −110 °C, −130 °C and −155 °C, along
with model spectra obtained from the MIGRATION concept. The values used for the
shape parameter K are 2.4, 2.7 and 3.0, respectively. The three dash-dotted lines connect
the points where the spectra attain ωO, Γ0 and ωE on the angular frequency scale, with
those forωO and ωE encompassing the (shaded) area in which the spectra exhibit disper-
sion. Seemain text for the high-temperature shapes of theω=ωO andω= Γ0 lines and for
the value of ωE in the−110 °C model spectrum.The effect of K on the shape of the conductivity spectra is the follow-
ing. The larger the value of K is, themore gradual is the increase of log σ
versus logω in the ﬁrst one or two decades of the dispersion. The values
used in Fig. 8 for the−110 °C,−130 °C and−155 °C isotherms are 2.4,
2.7 and 3.0, respectively.
At this point, a few remarks are appropriate concerning the role of
the parameter K. In theMIGRATION concept, themismatch due to an el-
ementary hop of an individual ion is viewed as an electric dipole,
surrounded by an electric dipole ﬁeld. In the course of the relaxation
(on the many-particle route), this ﬁeld does not only gradually decay,
but also gets increasingly shielded, with the number of mobile ions no-
ticing the central dipole becoming smaller. More details are given in
Appendix B. Thus the information contained in K is about the rate at
which this shielding progresses, as compared with the rate at which
the dipole itself decays. If K is one, the size of the dipole ﬁeld is not
time-dependent. If it is two, the rate at which it shrinks by progressive
shielding and the rate of dipole decay (mismatch relaxation) are identi-
cal. If it is larger than two, however, the shrinkage is faster than the
decay of the central dipole moment.
In addition to the experimental and model spectra, Fig. 8 includes
three dash-dotted lines connecting those points atwhich the spectra at-
tain their onset angular frequencies, ωO, the ionic elementary hopping
rates, Γ0, and their end angular frequencies, ωE. In view of Fig. 8, we
note the following distinctive features.
• The onset and end lines encompass the dispersive regime, which is
marked in the ﬁgure as a shaded area.
• The onset line is straight and has a slope of practically one, because of
Eq. (1).
• The end line is practically vertical. The value ofωE at−110 °C, obtain-
ed from the relation ωE = Γ0 ⋅ BK, displays a negative deviation, as
expected for B b 5.
• Both σDC and σHF are Arrhenius activated.
• The value of K decreases rapidly with increasing temperature.
This is a unique combination, which has so far not been observed in
any solid or liquid electrolyte.
• In solid electrolytes, crystalline or glassy, the Arrhenius law is usually
obeyed by both σDC and σHF. At the same time, a non-vertical end line
reﬂects a thermal activation of the ‘backward’motion thatmay imme-
diately follow a ‘forward’ elementary hop. The value of K does not
show a pronounced temperature dependence [20,24,28].
• Fragile molten salts and ionic liquids are characterized by a vertical
end line. This absence of temperature dependence implies that the
immediate backward (‘roll-back’) movement of an ion after an ele-
mentary displacement does not require thermal activation. Along
with an Arrhenius-type σHF and a temperature-independent value of
K, this feature results in the markedly non-Arrhenius σDC that has
often been described by the empirical Vogel–Tammann–Fulcher
(VTF) relation [24,27,29].
• In low-temperature α-AgI we have found the unexpected combina-
tion of Arrhenius-type conductivities σDC and σHF and a vertical end
line, which is possible only because K displays the particular variation
with temperature as observed.
Before discussing the characteristics in the vicinity of the regular
α–β phase transition temperature in Fig. 8, let us consider the plot of
Fig. 9. Instead of conductivities times temperature, the three angular
frequencies, ωO, Γ0, and ωE, have now been plotted logarithmically
versus inverse temperature. At ﬁrst sight, the ﬁgure looks much like
Fig. 8 turned around by 90°. Note, however, that the onset line in
Fig. 8 is straight, while in Figs. 5 and 9 the lines of log(σDCT) and
log ωO versus x are not. Again, the dispersive regime, between the
lines for ωO and ωE, has been marked as a shaded area.
In the plot of Fig. 5, the experimental data points forσ * (T) end at the
147 °Cphase transition temperature. This particular point has nowbeen
included in both ﬁgures, Fig. 8 and Fig. 9. In each of them it appears to
Fig. 9. Arrhenius-type plot of angular frequencies ωO, Γ0 and ωE versus inverse tempera-
ture. Note that the shapes of the lines for ωO and Γ0 are the same as in Fig. 5, while the
points for ωE have been added according to the modeling of the respective spectra in
Fig. 8. Again, the dispersive regime has been highlighted as a shaded area.
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become obvious by the comparison of the two ﬁgures. In Fig. 9 the lines
for ω= ωO and ω= Γ0 exactly correspond to the lines for σ= σG and
σ = σ * in Fig. 5, the ﬁrst being bent and the second being straight.
The situation is just reversed in Fig. 8, where the line for ω = ωO is
straight with a slope of one not only at temperatures below 147 °C,
but also above this temperature, where it must merge with the line
for ω= Γ0, as the absence of any dispersion implies ωO = Γ0. Beyond
147 °C, the slope of one simply results from σ * T being proportional
to the hopping rate. By contrast to the plot of Fig. 9, the ω = Γ0 line
must be bent in Fig. 8, approaching the ω= ωO line asymptotically at
or close to 147 °C. To guide the eye along the ω = Γ0 line, dots have
been included in Fig. 8.
A ﬁnal comment concerns our choice of σHF = σ * in the dispersive
regime. As pointed out earlier, this choice is equivalent to a linear ex-
trapolation of Γ0(x) from high to much lower temperatures, cf. Figs. 5
and 9. The justiﬁcation for this extrapolation is in the ﬁrst place based
on the idea that the potential landscape provided by the iodide ions, in-
cludingbarrier heights and activation energies for themobile silver ions,
remains essentially unchanged, resulting in the same Arrhenius tem-
perature dependence of Γ0(x) above and below 147 °C. Having decided
for this choice, we have obtained end angular frequencies, ωE, which
perfectly ﬁt into the overall picture, extrapolating horizontally to the
point in Fig. 9, where the dispersion ends on the inverse temperature
scale, near the regular α–β transition. Conversely, the ﬁgure also
shows how the dispersive regime, represented by the shaded area, is
widening with increasing inverse temperature, thus corroborating
Wilhelm Jost's conjecture of a gradually progressing liquid–solid transi-
tion occurring below 147 °C.
7. Conclusion
The alpha phase of silver iodide, stabilized below 147 °C by conﬁne-
ment in a rigid glassy network, is an extraordinary model material.
Wilhelm Jost's intuition that it should still be a crystalline solid with
highly mobile silver ions in a strictly periodic iodide structure has
been reconﬁrmed in this present work. Contrary to conventional solid
electrolytes, the ionic conduction in low-temperature α-AgI is not
brought about by individual lattice defects. Rather, its entire silver
sublattice is defective or, in Jost's nomenclature, structurally disordered.
This study has further demonstrated the existence of a transition fromthe liquid-like dynamics of the silver ions above 147 °C to a solid-like
hopping motion at lower temperatures.
The uniqueness of the ion dynamics in this solid electrolyte is that
the observed dispersive conductivity can be due only to Coulomb inter-
actions between the mobile ions. It is thus the perfect example of the
process called ‘jump relaxation’. This means that the ion dynamics
which cause the dispersive conductivity cannot be explained in terms
of a static and random potential landscape [30], but rather by variations
of the local single-particle potentials in time, cf. Fig. 6. Indeed, the
hopping motion of the silver ions in α-AgI at temperatures below
147 °C exactly matches the purpose and construction of the
MIGRATION concept, cf. Figs. 5 to 9, which has been successfully used to
model the experimental spectra.
Another remarkable feature of the Ag+dynamics in low-temperature
α-AgI appears to be theway the silver ionsmove locally between succes-
sive hops. As suggested by our X-ray reﬁnement, they seem to explore
their (distorted tetrahedral) voids in a fashion which is known to be
typical of disordered ionic materials and causes the ubiquitous Nearly
Constant Loss (NCL) effect. This is probably the ﬁrst experimental indica-
tion of the NCL effect on the basis of structural data, while the effect itself
cannot be seen in the frequency-dependent conductivity where it is
swamped by the predominant component due to the hopping motion.
List of symbols and notations
r position vector
ρ rð Þ probability density
R radius of an (approximately spherical) globule of crystalline
α-AgI
L rms displacement covered by an Ag+ ion before hitting the
surface of its globule
D coefﬁcient of self-diffusion of an Ag+ ion within its globule
Γ0 elementary hopping rate
‘ elementary hopping length
σ electrical conductivity (ionic)
T temperature
x 103K/T, normalized dimensionless inverse temperature
ν frequency
ω angular frequency
DC direct current (as an index to σ)
HF high frequency (as an index to σ)
ωO onset angular frequency of the conductivity dispersion
B deﬁned as ln(σHF/σDC) = ln(Γ0/ωO)
E activation energy
kB Boltzmann constanteE E/(kB ⋅ 103K), normalized dimensionless activation energy
σ * (T) bulk conductivity of α-AgI above 147 °C times volume
fraction of the globules, as well as linear extrapolation to
lower temperatures, see Fig. 5
σG(T) plateau (‘DC’) conductivity of the glassy sample, see Fig. 5eER eEG−eE, normalized dimensionless activation energy required
for the ‘rearrangement’ or ‘relaxation’ of the ionic neighbor-
hood, see main text
x0 value of x at which σG(x) = σ * (x)/2
b r2(t) N mean square displacement
bυ 0ð Þ  υ tð ÞN velocity autocorrelation function
W(t) normalized time derivative of b r2(t) N, i.e., time-dependent
correlation factor
g(t) time-dependent normalized degree of mismatch
N(t) ‘number function’ describing the ongoing effect of shielding,
see the appendix
N(∞) long-time limiting value of N(t), representing those nearest-
neighbor ions that never get shielded
K shape parameter of the MIGRATION concept, see main text
and Appendix B.
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Appendix A
It is the purpose of this appendix to sketch the two essential steps
leading from the three coupled equations (as formulated in the
MIGRATION concept, see for instance Ref. [31]) toward the correspond-
ing conductivity spectrum, σ(ω). In the ﬁrst of these steps, combination
of the coupled equations yields one single rate equation for the time-
dependent correlation factor,W(t), see Eq. (A1), to be solved numerical-
ly forW(t). In the second, this function,W(t), is employed to derive the
conductivity spectrum, σ(ω), bymeans of a sine Fourier transformation,
see Eq. (A3).
The single rate equation forW(t) is this:
−W

tð Þ ¼−dW tð Þ=dt ¼ Γ0 W2 tð Þ  Bþ ln W tð Þ½ K ; ðA1Þ
see the main text for Γ0, B and K. In deriving Eq. (A1) from the coupled
equations, denoted in Ref. [31] as Eqs. (1), (2), and (3), the term N(∞)
could be safely neglected, cf. Appendix B. Also note that in Ref. [31]
K − 1 was called λ. To calculate numerical solutions of Eq. (A1), we
have generated our own code.
As mentioned in the main text, the Fourier transform ofW

tð Þ is in a
good approximation proportional to the frequency-dependent complex
conductivity, σ^ ωð Þ, which implies [24]
σ^ ωð Þ
σHF
¼ 1þ
Z∞
0þ
W

tð Þ  exp −iωtð Þ  dt: ðA2Þ
Integrating Eq. (A2) by parts and considering only the real part of the
conductivity, σ(ω), one obtains [24]
σ ωð Þ
σDC
¼ 1þω 
Z∞
0
W tð Þ
W ∞ð Þ−1
 
 sin ωtð Þ  dt: ðA3Þ
Here, numerical integration requires special attention. It is recom-
mended to use a ﬁne mesh of at least one hundred points per decade
in time. Moreover, it is imperative not to truncate (W(t)/W(∞) − 1)
too early, since this function exhibits a long tail on the time scale. Nu-
merical problems arising from the rapid ﬂuctuations of the sine function
may thus be avoided.
Appendix B
In the following, information will be provided on the physical
meaning of the parameter K. In the ‘ﬁrst’ rate equation of the
MIGRATION concept, the rate of relaxation on the single-particle route,
expressed as−W⋅ (t) /W(t), is assumed to be proportional to the rate of
relaxation on the many-particle route, −g⋅(t), the proportionality
constant being B. This equation,−W

tð Þ=W tð Þ ¼−B g tð Þ, is Eq. (2) in
Ref. [31]. Here, g(t) is meant to be the time-dependent normalizeddegree of mismatch (or localized dipole moment), decaying from g
(0) = 1 to g(∞) = 0 on the many-particle route. The rate of decay of
this function,−g⋅(t), is determined by the rearrangement of the other
(mobile) ions in the dipole ﬁeld caused by the central dipole, i.e., by
the mismatch due to the displacement of the central ion. This rate of
decay will, therefore, be proportional to g(t) itself, which is the source
of the driving force felt by the other ions. It is, however, also proportional
to the number of (mobile) ions that experience the driving force, and this
number may very well decay with time, due to an ongoing process of di-
electric shielding. In Eq. (3) of Ref. [31], both effects have been allowed
for, the ‘number function’ N(t) being introduced by N(t) = N(∞) +
(B ⋅ g(t))K − 1, where N(∞) represents those nearest neighbor ions that
never get shielded. Note that the parameter B enters as a factor, which
is essential for satisfying the time-temperature superposition principle
[27]. Forming the rate of decay of N(t),− N

tð Þ, for instance for K= 2,
which is the most common case, one thus ﬁnds that it is proportional
to− g tð Þ, as mentioned in themain text. In constructingmodel conduc-
tivity spectra, the quantity N(∞) can be safely neglected (and has been
neglected in this study). It is relevant only for modeling permittivities
at low frequencies, provided such data are available.References
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